Renal cell carcinoma (RCC) is the most lethal of all genitourinary malignancies. Distant metastasis represents the major cause of death in patients with RCC. Recent studies have implicated the AAA+ ATPase pontin in many cellular activities that are highly relevant to carcinogenesis. In this study, we demonstrate for the first time that pontin was up-regulated in RCC, and plays a previously unknown pro-invasive role in the metastatic progression of RCC through epithelial-to-mesenchymal transition (EMT) pathway. 28 pairs of freshly frozen clear cell RCC samples and the matched normal renal tissues analyzed by quantitative RT-PCR and western blotting demonstrated that pontin was up-regulated in clear cell RCC tissues than in normal renal tissues. In addition, immunohistochemistry was used to evaluate subcellular pontin expression in 95 RCC patients, and found that overexpression of pontin in cytoplasm positively correlated with the metastatic features, predicting unfavorable outcomes of RCC patients. Furthermore, in vitro experiments show pontin was predominantly expressed in cytoplasm of RCC cell lines, and a significant suppression of cell migration and invasion in pontin siRNA treated RCC cell lines was observed. Mechanistic studies show that pontin depletion up-regulated the E-cadherin protein and down-regulated vimentin protein, and decreased nuclear β-catenin expression, suggesting the involvement of EMT in pontin induced metastatic progression. Together, our data suggest pontin as a potential prognostic biomarker in RCC, and provide new promising therapeutic targets for clinical intervention of kidney cancers.
Introduction
Renal cell carcinoma (RCC) is the most common malignances of adult kidneys. Due to the asymptomatic nature of early stage RCC, more than one third of the patients present with locally advanced or metastatic disease at the time of diagnosis. And the prognosis of the patients with metastatic RCC is extremely poor with a 5-year survival rate less than 9% [1] . Understanding the molecular mechanisms of RCC metastatic progression will help identify novel potential molecular targets for the development of effective therapy. However, the study on searching for molecular targets in RCC that has clinical significance remains substantially limited.
Pontin and reptin belong to the AAA+ (ATPase associated with diverse cellular activities) superfamily, which are highly evolutionarily conserved. Pontin and reptin are usually co-expressed [2] . Both of them are found in several multi-protein complexes, where they are thought to participate notably in chromatin remodeling [3] , transcriptional regulation [4] , DNA damage repair [5] , and small nucleolar RNA biogenesis [6] , but they can also function independently from each other. Notably, they interact with several oncogenic transcriptional factors, such as β-catenin and c-myc, and modulate their activities [7] [8] [9] . Functional studies indicated both proteins participating in tumorigenic activities. Silencing of pontin in vitro led to tumor growth arrest [10] , and silencing of reptin in vivo significantly reduced tumor progression within xenografts in mice [11] . These features suggest their potential in being good targets for cancer therapy. Aberrant expression of pontin and/or reptin has been reported in malignancies of liver [10, 12] , colon [13, 14] , breast [15] , among others. However, the expression and biological function of pontin in RCC has so far not been elucidated.
In our previous study, we firstly reported that reptin is overexpressed in RCC, and cytoplasmic expression of reptin predicts an unfavorable outcome for RCC patients [16] . Now we presume that pontin, as a homology partner of reptin, may also play an important role in RCC metastasis. The present study was performed to examine the postulated oncogenic role of pontin in RCC. In this respect, we examined pontin expression in RCC surgical samples, and explored the potential effects of pontin on RCC metastatic progression and patients' survival. In addition, we applied siRNA to knockdown pontin in RCC cell lines to examine its biological functions and the possible molecular mechanisms.
Materials and Methods

Ethics statement
The study was approved by Ethics Boards of Qilu Hospital, Shandong University. All tissue sample acquisition was carried out according to the institutional guidelines, and all subjects signed written informed consent.
Clinical RCC specimens and RCC cell lines
For immunohistochemical analysis, tissue samples from 95 RCC patients who underwent radical nephrectomy were collected between June 2005 and January 2009, at the Department of Urology, Qilu Hospital, Shandong University, Jinan, China. None of the patients had received preoperative chemotherapy or radiotherapy. For survival analysis, more patients with advanced clinical stage were enrolled in this study. After surgery, 95 tumor samples and 14 normal renal tissues from the tumor bearing kidneys were fixed in formalin, embedded in paraffin and stored in the Department of Pathology, Qilu Hospital. For all samples, staging was reevaluated and determined according to the tumor node metastasis staging system [17] , and the nuclear grade was evaluated on the basis of the Fuhrman four-grade scale [18] . All patients had their follow-up in the outpatient clinic of our department until April 2014. Patients without complete follow-up data were excluded from this study. Detailed clinicopathological information is listed in Table 1 .
For quantitative real-time PCR (qRT-PCR) and Western blotting analysis, 28 pairs of pathologically confirmed clear cell RCC (ccRCC) specimens (the tumor tissues and the matched normal renal tissues from the tumor bearing kidneys) were obtained during radical nephrectomy between July 2013 and October 2013 in our department. After surgery, every sample was immediately stored in liquid nitrogen until use.
Human RCC cell lines A498, 786-O and non-malignant-immortalized renal cell line HK-2 were purchased from ATCC (Manassas, VA, USA), and Human RCC cell line KRC/Y was obtained from the MTC-KI (Stockholm, Sweden) cell line collection [19] . HK-2 cells were cultured in KSFM medium (Gibco, USA), and other cells were cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) containing 10% FBS (Invitrogen), 100 U/ml penicillin (Sigma, St. Louis, MO, USA), and 100 μg/ml streptomycin (Sigma). All cells were cultured in an incubator maintained at 37°C, 5% CO 2 . RNA extraction, reverse transcription-PCR and quantitative real-time PCR
Total RNA was extracted from frozen surgical specimens and cell lines transfected for 48 h using Trizol reagent (Invitrogen), and reverse transcribed into cDNA using M-MLV reverse transcriptase (TaKaRa, Biotechnology, China). qRT-PCR was performed in a Mastercycler ep realplex real-time PCR system (Eppendorf, Hamburg, Germany) using SYBR Green kit (Applied Biosystems, Foster City, CA, USA) and the following primers: pontin, 5'-GGCATGT GGCGTCATAGTAGA-3' (Forward) and 5'-CACGGAGTTAGCTCTGTGACT-3' (Reverse), C-myc, 5'-G-3' (Forward) and 5'-G-3' (Reverse), Cyclin-D1: 5'-G-3' (Forward), and 5'-G-3' (Reverse) and β-actin: 5'-AGTTGCGTTACACCCTTTCTTG-3' (Forward) and 5'-CACCTT CACCGTTCCAGTTTT-3' (Reverse). β-actin was used as an internal control, and the relative pontin mRNA expression levels were analyzed using the 2 -ΔΔCt method.
Immunohistochemistry
Immunohistochemistry was performed using a two-step protocol as we described previously [16] . The primary antibody used was anti-pontin 
IHC evaluation and selection of the cutoff point
The slides were scored by 2 independent pathologists, who were blind to the patient characteristics. The cytoplasmic and nuclear pontin staining were evaluated separately by a semi-quantitative method considering both staining intensity (0, no staining of the tumor cells; 1, mild staining; 2, moderate staining and 3, strong staining) and the percentage of positive staining (0, 0-5%; 1, 6%-25%; 2, 26%-50%; 3, 51%-75% and 4, >76%). The immunoreactive scores were determined by the sum of intensity and extension. Conflicting scores were resolved by consensus. Because the immunoreactive scores of pontin showed neither a biphasic distribution nor a clear negative value, we determined the optimal cutoff point based on a heterogeneity value measured by log-rank test as literature reported [21] . Briefly, each staining index score from 1 to 7 was used as cutoff point, at each of these cutoff points, the patients were divided into two groups and the differences in OS were analyzed by log-rank test. The greatest difference between the two groups was at the staining index score 5. Therefore, this score was chosen as cutoff point for discrimination between pontin low and high expression.
Fluorescent immunocytochemical analysis
Cells were seeded onto coverslips, fixed and permeabilized with ice-cold methanol for 10 min. Then slides were blocked with 5% donkey serum, and incubated with mouse anti-pontin (1:100; Abcam) or mouse anti-β-catenin (1:100; BD Biosciences Pharmingen, San Jose, CA) antibodies overnight at 4°C. Afterwards, slides were immunostained with Fluor 488-conjugated donkey anti-mouse antibody for 1 hour at room temperature, followed by nuclear counterstaining with DAPI. Images were acquired using an epifluorescence microscopy (Nikon Eclipse TE 2000-U).
Western blotting analysis
Proteins extracted from frozen surgical specimens and cells transfected for 72 h were immunoblotted with different antibodies as we described previously [16] . The primary antibodies used were anti-pontin (1:100; Abcam), anti-E-cadherin (1:500; proteintech, Chicago, IL, USA; Cat. No. 20874-1-AP), anti-vimentin (1:1000; proteintech, Cat. No. 10366-1-AP) and anti-β-actin (Santa Cruz Biotechnologies, Santa Cruz, CA, USA).
Wound healing assay
Cells were seeded into 6-well plates the day before siRNA transfection. 24 h after transfection, similar sized wounds were made across the confluent cell monolayer with 200 μl pipette tips. The plates were washed twice to remove the detached cells and then incubated in serum-free medium for 24 h. Digital pictures were taken at 0 and 24 h after the scratch. The migration rate was calculated using the following formula: the radios of wound closure = decreased wound area at 24 h/wound area at 0 h.
Matrigel invasion assay
Cell invasion assay was performed using a 24-well transwell chamber with a pore size of 8 μm (Costar, NY, USA). The insert of the pore was coated with 50ul Matrigel (dilution at 1:2, BD Bioscience). Cells were trypsinized after transfection for 48 h and 1 × 10 5 cells were transferred to the upper chamber in 100 μl of serum-free medium. The lower chamber was filled with 1640 containing 10% FBS as chemoattractants. After incubation for 24 h, the non-invaded cells on the upper membrane surface were removed with a cotton swab, and the membranes were fixed and stained using 0.1% crystal violet. Representative fields were digitally captured and the invaded cells were counted in five randomly selected high-power fields (× 400) per filter to assess the average number of invaded cells.
Statistical analysis
The relative pontin expression level in the matched tumor and normal renal tissues was calculated using paired t-test. The correlations between subcellular pontin expression and the clinicopathological variables were analyzed using Chi-square test and Fisher's exact test. The survival analysis was evaluated using Kaplan-Meier method compared by the log-rank test. Multivariate Cox regression analysis was used to identify independent prognostic factors. The data of independent experiments in vitro were expressed as mean ± s.e.m. and analyzed by Student's t-test. All statistical analyses were performed with SPSS 16.0 statistical software (Chicago, IL, USA). P value < 0.05 was considered statistically significant.
Results
Expression of pontin and E-cadherin in clinical RCC samples
Expression of pontin mRNA and protein levels were detected using qRT-PCR and western blotting in 28 paired freshly frozen ccRCC tissues and the matched normal renal tissues. Pontin mRNA was significantly up-regulated in ccRCC tissues than in matched normal renal tissues (P = 0.0016, Fig. 1A ). Consistent with the pontin mRNA expression profile, pontin protein was also increased in ccRCC tissues (P = 0.0095, Fig. 1B and D) . Interestingly, we also found a significant decrease of the E-cadherin protein expression in ccRCC tissues, compared to the matched normal renal tissues (P < 0.001, Fig. 1C and D) .
Subcellular pontin expression and the clinicopathological variables of RCC patients
We further analyzed pontin protein expressions in a set of 95 RCC surgical specimens and 14 tumor adjacent renal tissues using an immunohistochemical approach. Representative staining of pontin is shown in Fig. 2A -M. The presence of pontin protein was found in 87 of 95 (91.6%) RCC samples, and pontin protein expression was highly expressed in 38 out of the 87 (43.7%) pontin-positive RCC patients, whereas only weak to moderate pontin staining was found in 8 of 14 (57.1%) tumor adjacent renal tissues. In addition, positive staining for pontin was observed both in cytoplasm and in nucleus ( Fig. 2A-H) . Interestingly, among the 95 RCC specimens there are 5 samples presented with both the tumor tissues and the tumorous invasive margin, and strong cytoplasmic staining of pontin was observed at all of the tumorous invasive margin ( Fig. 2I and J) . However, only a diffuse pontin staining was observed in the proximal tubules of normal renal tissues, and predominantly localized in nucleus (Fig. 2K and L) . In addition, fluorescent immunocytochemical analysis showed pontin expression was predominantly localized in the cytoplasm of RCC cell lines A498 and 786-O, while a weak nuclear pontin expression was observed in the normal renal epithelial cell line HK-2 ( Fig. 2N) , which was in accord with the IHC observation. Because of the different IHC staining pattern of pontin in RCC tissues, as compared with the tumor adjacent renal tissues, cytoplasmic and nuclear pontin staining were scored separately, and its significance with respect to the main clinicopathological variables was evaluated (Table 1) . Patients with high cytoplasmic pontin expression exhibited a significant association with advanced clinical stage (P = 0.003), poor histological grade (P = 0.025) and distant metastasis (P = 0.010). In contrast, we only found one significant association between high nuclear pontin expression and poor histological grade (P = 0.030). Furthermore, no significant associations between pontin expression and patients' gender, age or histological type was observed.
Subcellular pontin expression and postoperative survival of RCC patients
Of the total number of patients, 25 (26.3%) patients died of RCC with a median follow-up time of 24 months (11*84 months), and the remaining 70 (73.7%) patients were alive with a median follow-up time of 92 months (54*106 months). Kaplan-Meier analysis compared by the log-rank test was used to evaluate the effects of the clinicopathological variables on overall survival (OS). Univariate analysis indicated that patients with advanced primary tumor stage, lymph nodes metastasis, distant metastasis, high histological grade and advanced clinical stage exhibited worse outcomes (all P <0.01; Table 2 ). And a significant lower OS rate in patients with high cytoplasmic pontin expression was observed as compared to those with a low level (85.5% vs. 42.3%, P < 0.001; Fig. 3A) . However, there was no significant difference in terms of OS between high and low nuclear pontin expression (P = 0.439; Fig. 3B ). In addition, multivariate analysis indicated that advanced clinical stage, high histological grade and high cytoplasmic pontin expression were independent prognostic factors for RCC patients ( Table 2) .
Effects of pontin depletion on cell migration and invasion
Pontin mRNA and protein expression was remarkably inhibited in A498, 786-O and KRC/Y cells treated with pontin siRNA1 compared with the control siRNA group (Fig. 4A and B) . Then we studied the effects of pontin depletion on cell migration and invasion using would healing assay and Matrigel invasion assay. The potential effect of cell proliferation on cell migration and invasion was rolled out (S1 Fig.) . The migratory capacity of pontin siRNA1 treated cells was significantly decreased at 24 h after scratch (the radios of wound closure: control vs. pontin siRNA1, A498: 0.626 ± 0.030 vs. 0.128 ± 0.022, P < 0.0001; 786-O: 0.635 ± 0.020 vs. 0.058 ± 0.011, P < 0.0001; KRC/Y: 0.440 ± 0.022 vs. 0.037 ± 0.013, P < 0.0001) (Fig. 4C and D) . In addition, Matrigel invasion assay revealed that the number of invaded cells penetrating through the filter was significantly reduced following pontin depletion in A498 (the number of invaded cells per field: control vs. pontin siRNA1: 80.67 ± 3.64 vs. 15.67 ± 1.74, P < 0.0001), 786-O (87.67 ± 9.67 vs. 5.00 ± 1.15, P < 0.0001) and KRC/Y (77.50 ± 3.18 vs. 14.33 ± 1.67, P < 0.0001) (Fig. 4E  and F) . Additionally, we examine the potential off target effects of pontin siRNA1 by introducing a nonoverlapping pontin siRNA2. The results ruled out the nonspecific off target effects of the siRNA approach (S2 Fig.) . The Role of Pontin in Renal Cell Carcinomas
Effects of pontin depletion on the expression of E-cadherin and vimentin, and β-catenin localization
Previous studies demonstrated that the epithelial-to-mesenchymal transition (EMT) is a crucial step for epithelial cancer progression. We hypothesized that pontin might regulate the metastatic progression of RCC through EMT pathway, and investigate the potential effect of pontin on E-cadherin, vimentin protein expression. The results revealed that E-cadherin was The Role of Pontin in Renal Cell Carcinomas dramatically increased in the pontin siRNA1 treated cells as compared with the control siRNA group, while vimentin was significantly decreased following the pontin depletion (Fig. 5A) . Furthermore, we investigate the potential effect of pontin depletion on β-catenin. Fluorescence immunocytochemical analysis revealed that nuclear β-catenin was significantly decreased in the pontin siRNA1 treated cells than in the control siRNA group (Fig. 5B) . In consistence, qRT-PCR results demonstrated a significant decrease of the mRNA levels of 2 The Role of Pontin in Renal Cell Carcinomas canonical β-catenin target gene c-myc [22] and cyclin D1 [23] in pontin siRNA1 treated group in a time-dependent manner, compared with the control siRNA group (Fig. 5C) , indicating the potential effect of pontin on β-catenin nuclear translocation.
Discussion
Recent studies have implicated the AAA+ superfamily member pontin and its homology reptin are involved in many cellular processes that are highly relevant to cancer. Both proteins interact with some major oncogenic factors such as β-catenin and c-myc, and regulate their oncogenic functions [7, 8] . Several studies revealed aberrant expression of pontin and reptin in some human progressive malignancies: both pontin and reptin are overexpressed in hepatocellular carcinoma [10, 12, 24] , pontin overexpression are reported in colorectal [13, 14] , prostate [25] , and non-small cell lung cancers [26] , reptin overexpression are reported in breast [15] , gastric [20] , and bladder cancers [27] . To the best of our knowledge, there are few studies focused on the role of pontin in RCC, and the molecular mechanism of pontin participating in tumor metastatic progression has so far not been elucidated.
Our study is the first report showing that pontin overexpression widely occurs in kidney cancer. We observed a 2 to 3 fold higher expression of pontin mRNA and protein in tumor tissues than in the matched normal renal tissues in 28 paired clear cell RCC samples. In consistence, IHC staining showed an intense staining of pontin in 91.6% of RCC tissues, especially at the tumorous invasive margin, while only a diffuse pontin staining in proximal tubules was observed in the normal renal tissues. However, the mechanism for the up-regulation of pontin and reptin in cancer remains currently unclear. Pontin gene lies on chromosome 3q21, a region commonly amplified in non-small cell lung cancer, which indicates that pontin overexpression may be due to gene amplification [26] . But that region is not commonly affected in HCC, colorectal cancer, or RCC, thus it is unlikely that pontin up-regulation is consecutive to gene amplification in these cancers. Further study needs to be done to elucidate the molecular mechanisms of pontin overexpression in RCC.
Statistical analysis of the clinicopathological features of RCC patients in our study revealed that high cytoplasmic pontin expression was significantly associated with the aggressive features of RCC. Kim et al reported that reptin depletion reduced invasive capacity of the prostatic LNCap cells, which is in accord with the requirement of reptin in the repression of the antimetastatic gene KAI1 [28] . However, to the best of our knowledge, the effects of pontin on migration and invasion of cancer cells remains unclear, except that Cram et al using systemic RNAi screen identified pontin as a member of a cell migration gene network in Caenorhabditis elegans [29] . Our study firstly demonstrated that pontin depletion by siRNA significantly inhibited the migration and invasion capacity of RCC cell lines in vitro.
Along our efforts to explore the mechanism of the pro-migratory and pro-invasive role of pontin in RCC, we observed a significantly decreased expression of E-cadherin in ccRCC tissues. Concomitantly, a dramatic increase of E-cadherin expression and a significant decrease of vimentin expression in RCC cell lines following pontin depletion was observed, suggesting the involvement of EMT in the pro-migratory and pro-invasive effect of pontin. For epithelial malignances, EMT is considered to be an essential step in cancer dissemination and metastatic progression [30] . E-cadherin is a marker of the epithelial-like phenotype. Loss of E-cadherin is a hallmark of EMT, which leads to disassembly of adherens junctions, and enhances motility and invasion of tumor cells [31] . β-catenin is a component of the adherens junctions. It is known that pontin has an agonistic effect on the transcription of the positive targets of β-catenin [8] , which is one of the main pathways of pontin involving in carcinogenesis. Whitehead et al demonstrated that β-catenin phosphorylation induced by mechanical stimulation at tyrosine 654, the site of its interaction with E-cadherin, could increase the nuclear localization of β-catenin, up-regulating the transcription of oncogenes Myc and Twist1 [32] . Our results that the nuclear β-catenin was significantly decreased following pontin depletion supported the hypothesis that pontin may regulate β-catenin by relocating it from the adherens junctions in cytoplasm to the transcriptional complexes in nucleus through EMT process. Our data suggest that siRNA-mediated pontin depletion in RCC cell lines revoke the pontin-induced down-regulation of E-cadherin, and subsequently increased the binding capacity of the adherens junctions for β-catenin, leaving less β-catenin transferred to the transcriptional complexes in nucleus, inhibiting the transcription of the down-stream oncogenes. Above observations is in accord with the findings by Lauscher et al that nuclear co-localization of pontin and β-catenin was associated with progression of colorectal carcinomas [14] . However, further studies needs to be done to elucidate the molecular mechanisms involved in the pontin-induced down-regulation of E-cadherin.
Given that all main effects of pontin and reptin are associated with the interactions with multi-protein complexes in nucleus, Lauscher et al focused on the nuclear expression of pontin, albeit they found cytoplasmic pontin staining in the majority of colon cancer samples (> 76%) through IHC staining. And they failed to find any correlations between positive nuclear pontin staining and recurrence-free survival or overall survival [13] . In this context, however, one of the highlighted findings is that we first reported the evaluation of subcellular expression of pontin in human RCC, and demonstrated that pontin overexpression in cytoplasm, rather than in nucleus, significantly correlated with RCC metastatic progression. These observations, together with our previous study on reptin [16] , strongly indicated that pontin and reptin may have distinct carcinogenic effects localizing in cytoplasm, independent of their known roles in nucleus. Study on HCC also revealed definite cytoplasmic reptin expression in all analyzed HCCs [24] , suggesting additional oncogenic properties of reptin in cytoplasm.
In summary, this study for the first time identified pontin up-regulated in RCC and high cytoplasmic pontin expression was associated with poor survival of RCC patients. In vitro experiments suggest that pontin may play a previously unknown pro-invasive role in the metastatic progression of RCC through EMT pathway. Therefore, these results warrant further investigation of pontin as a potential therapeutic target in developing more effective treatment of RCC. (TIF)
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